Abstract-In the plasma doping (PLAD) process studied, Si(100) wafers were exposed to an As containing plasma and pulse biased to between 4 and 10 kV to ion fluences of 1x10 16 cm -2 . Medium energy ion scattering (MEIS) analysis was applied after i) the PLAD implant, ii) two types of wet chemical clean and iii) spike annealing to 1000ºC, to determine quantitative depth profiles of As, Si and O and retained As dose at each stage.
I. INTRODUCTION
Plasma doping (PLAD) enables high fluence ion implantation of low energy dopants with high throughput and this makes it an important process for implanting microelectronic devices [1] , [2] . In a PLAD process the Si wafer is immersed inside a chamber in an inductively coupled plasma containing the ion species to be implanted and the wafer is pulse biased negatively to, typically, up to 10 kV at a kHz frequency with a pulse width of several tens of microseconds [3] . The bias potential causes the formation of a plasma sheath above the wafer across which plasma ions are accelerated and implanted into the Si wafer surface. Multiple processes occur in addition to ion implantation, i.e. deposition of neutral species, recoil implantation of deposited atoms, sputtering and, depending on the species present in the plasma, reactive ion etching. Thus PLAD is a multifaceted overall process, not straightforward to model, which is made all the more difficult by the lack of detailed experimental information on the dependence of the implant profile shapes and the asimplanted, retained and active doses not only on the overall dopant deposition and implantation process parameters, but also on the subsequent chemical cleaning and the annealing of the PLAD implants. Such information would represent a necessary starting point for any modelling to make progress.
In this study, medium energy ion scattering (MEIS) has been applied to obtain a detailed characterisation of As depth profiles after PLAD processing as well as of the changes to these distributions following wafer processing such as a wet clean and spike annealing. Specifically, through comparing aligned and random MEIS energy spectra after annealing, substitutional dopant profiles and retained active fluences were determined. The information obtained forms a necessary first step towards a better understanding of the convoluted processes occurring during PLAD and provides the prerequisite accurate reference data for any dynamic modelling approach that is being pursued [4] .
II. EXPERIMENTAL
Samples analysed in this study were taken from 12" Si (001) wafers, implanted with As in a VIISta PLAD system at VSE, Applied Materials in Gloucester, MA. The plasma was generated by inductively coupled RF excitation in a low pressure gas mixture [3] . To effect implantation the wafer was negatively pulse biased to between 4-10 kV for 50 µs at a repetition rate of 5 kHz. The ion implant dose, measured with a Faraday cup located behind a peripheral slit in a ring around the wafer, was 1x10 16 cm -2 . A brief passivation process removed any hazardous remaining surface As post PLAD.
Analysis of these doped samples was performed at the MEIS facility at the University of Huddersfield (UK) with the aim of obtaining depth profiles of As, Si and O. Conditions used were: 100keV He + ions scattered through 90° in a double alignment configuration with the beam incident along the [-1-11] direction (54.7° off normal) and the analyser aligned with the [112] direction. For annealed samples (see below) spectra were also taken under random conditions in order to facilitate the determination of the substitutional As dose. A careful comparison with energy spectra off an amorphous Si sample showed that random directions were achieved by changing the angle of incidence to 61.7° and the azimuthal angle by 7° whilst maintaining a 90° scattering angle.
Two complementary methods were used to convert MEIS energy spectra into depth profiles. In method 1, As concentration depth profiles were obtained by direct conversion of the energy spectra, using the surface approximation [5] and inelastic energy loss rates obtained from SRIM [6] while referencing the As scattering yield to the random Si yield at the surface edge and equating this to the bulk Si density. In method 2, energy spectra were fitted using a spectrum simulation program, from which the "best fit" model depth profiles for the bulk constituents were derived. Further details of the simulation model which operates within the IGOR6 PRO © graphing software are given in [7] . Both methods used the Si bulk density in the calculations. In ion scattering depth profiling, the depth scale is strictly measured in terms of areal densities (atoms cm -2 ). To enable comparison with other analytical techniques or process specifications a depth scale in nm units is necessary. This requires an estimate of the density of a layer (bulk value or reduced), based on e.g. comparison with another direct technique.
In either method the screening correction due to Andersen [8] is used, as is an energy dependent neutralisation correction based on the best available experimental data to produce quantitative depth profiles [9] . The direct spectrum conversion has the advantage of providing the atomic concentration vs. depth of the As implant. However shallow O profiles can rarely be extracted reliably since the often small O signal is superimposed on a much larger background of disordered Si. IGOR model simulations provide only atomic fraction vs. depth information of all species, but they enable details of the oxide layer, e.g. its thickness to be determined from the overall model as will be shown below.
III. RESULTS AND DISCUSSION

A. PLAD processed, wet cleaned and spike annealed
Double aligned MEIS energy spectra for samples taken after i) PLAD processing with a 7 kV bias to an ion dose of 1x10 16 cm -2 , ii) a non-oxidizing wet chemical clean and iii) a spike anneal are all shown in Fig. 1 by data points. The spectra show peaks due to scattering off As, Si and O, as marked. The PLAD process causes a near triangular As peak and a rounded off Si edge. For a clean amorphous surface this edge would be sharp, approximately as indicated by the dotted lines. Changes to the spectra after the next two processing stages are evident. After the wet clean the As peak area, representing the amount of As contained, has been reduced to ~ 20%, i.e. a loss of 80% of the As post PLAD. The removal of As from the top mixed Si/As layer is reflected in the increased sharpness of the Si edge. Subsequent spike annealing restores the crystallinity of the Si matrix through solid phase epitaxial regrowth (SPER), as shown by the near removal of the random Si background below 72 keV and a further reduction of the As visible to the beam. The PLAD processed sample was analyzed within a few days after implantation as it was found that the top mixed As/Si layer is unstable in air in that exposure leads to oxide growth causing the loss of 25% of the As after 4 months [10] . Best fit model simulations are shown in the figure by the solid lines. Depth profiles in terms of atomic fractions derived from these are shown in Fig. 1b for each of the process stages. The post PLAD As and Si profiles reflect the shape of the MEIS peaks, with the triangular As peak reaching a ~40% nearsurface atomic fraction, just underneath a 1.2 nm thick oxide layer. This is the depth of the half height of the O profile as indicated by the dotted vertical marker. The As displaces Si inside the matrix and the resulting Si dilution is reflected in the mirror image shape of the Si profile. For comparison the As concentration depth profile obtained by direct conversion, as explained above, has been added to the figure with the LH vertical scale of 100% Si equated to the RH Si density of 5x10 22 cm -3 . The two profiles are well matched, taking into account the differences between the methods as discussed in [10] , in which good agreement with the EDS measured As profile is also shown, thus demonstrating the reliability of the MEIS derived depth profiles. The total retained As dose was 1.6x10
16 cm -2 .
The wet clean used reduces this dose to 3x10 15 cm -2 , by removing the high concentration part of the As profile and leaving only its tail in the remaining Si. By overlaying the tail ends of the As profiles of the post PLAD and post wet etch samples, the Si profiles for both also coincide and it becomes clear that the this particular wet etch has caused a 7 nm recession of the surface as shown in Fig. 1b . The remaining "tail end" As profile is now underneath a 1.6 nm oxide, again based on the half height of the O profile. Because it is nearer to the surface, it appears at a higher energy in the energy spectrum in Fig. 1a. Interestingly, Fig. 1b shows that wet clean has been arrested at a Si concentration of 4x10 22 cm -3 .
Spike annealing restores the crystallinity of the Si sample and causes As redistribution, including As moving into substitutional sites. This reduces the amount of As visible to the ion beam in double alignment conditions to 4x10 14 cm -2 , which mainly represents the As trapped under the by now 1.7 nm thick oxide.
B. Post anneal -Random and aligned spectra
MEIS energy spectra in a random direction show all implanted As within its projectile range whereas in the aligned direction only the As atoms in interstitial locations are detected. The substitutional or active dose can then be determined from a careful comparison of these two spectra. 
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Employing the angular conditions described in Section II, aligned and random energy spectra were recorded following spike annealing and they are shown in Fig. 2a . The small O peak is caused by the oxide. The Si peak in the aligned spectrum does not reach the random height for pure Si due to scattering off the reduced concentration of Si in the surface oxide. Some disordered Si underneath the oxide also adds to the peak. The figure shows the clear differences between the As peaks in the aligned and random directions. These spectral regions were converted into the As depth profiles taking account of the change in illumination of the target by the ion beam due to the changed angle of incidence [11] . They are depicted in Fig. 2b , which also shows the difference profile, representing substitutional As. It is mentioned that here too there is good agreement between these concentration depth profiles and the ones obtained from simulations (not shown) albeit that the simulated ones are slightly narrower. Integration of the profile areas gives the As dose seen by the beam for each case. For the random profile the As retained is 1.35x10 15 cm -2 , for the aligned one it is 5.5x10 14 cm -2 and this yields a substitutional As dose of 8x10 14 cm -2 . In the aligned spectrum most of the As seen by the ion beam is segregated just under the surface oxide. Fig. 2b also shows that the substitutional As concentration in this sample is typically around 5x10 20 cm -3 over a depth between ~3 to 13 nm.
C. Post anneal -PLAD energy dependence
Further to the 7 kV PLAD process discussed above, samples were also implanted using a 4 and 10 kV pulse bias to the same dose of 1x10 16 cm -2 and analysed in the random and aligned directions. This was done to assess the dependence of the shape of the post anneal As depth profiles and the substitutional dose retained on the ion implant energy in the PLAD process.
The obtained substitutional As depth profiles that contain this information, are compared in Fig. 3 for the three energies investigated. A 4 kV bias pulse only causes a comparatively small difference between the depth profiles derived for the aligned and random directions and this results in a quite low substitutional As concentration, typically between 1-5x10 20 cm -3 . Much of this is located in a very shallow region very near to the surface between 3 and 6 nm, adjacent to a segregated As peak.
This observation indicates that during the PLAD process at 4 kV bias the balance between the As atom deposition and As ion implantation fluxes is such that only a small fraction of As ions is able to penetrate through the deposited As layer or can recoil implant this As into the Si matrix. Dynamic modelling of these fluxes that includes sputtering, penetration and mixing processes, such as is performed using TRIDYN simulations indeed offer the possibility of understanding the details of the processes leading to the As profiles revealed by MEIS [4] .
On the other hand, when using a 10 kV bias during the As PLAD process, the profiles recorded in the aligned and random conditions are substantially different and, as Fig. 3 shows, their difference, the substitutional As profile is much higher, rising to an As concentration ~1.5x10 21 cm 3 . It also extends to greater depths, even in excess of 25 nm but due to the overlap between the As and Si peaks in the energy spectrum, profile depths much greater than ~25 nm cannot be reliably reproduced for the scattering conditions used. Fig. 3 demonstrates the strong and dominant effect of the energy of the implanted ions leaving the plasma boundary in the PLAD chamber on the magnitude of the substitutional As dose implanted into the Si wafer. Substitutional As doses obtained by integration of the areas of the depth profiles for the 3 energies are 2.4x10 14 , 8x10 14 and 1.9x10 15 As cm -2 , respectively. These values show that the substitutional As dose increases strongly with implant energy, corresponding to the increased range of As implant. 
D. PLAD SPM clean and spike anneal
Finally, the effect on the substitutional As depth profile and implant dose of using an (oxidizing) industry standard SPM clean rather than a non-oxidizing one as discussed above is investigated. For this study, aligned and random energy spectra were recorded after 7 kV PLAD, SPM wet clean and spike anneal.
Arsenic concentration depth profiles derived by direct conversion of these spectra are shown in Fig. 4 only to a depth of 28 nm due to interference with the Si peak. The best fit model simulated depth profile for the aligned sample has been added to the figure and confirms the good agreement between the two methods. Since the vertical scale in Fig. 4 is only ~10% of the full range, the simulated O depth profile is not shown but its half height position is given by the dotted line. The depth profiles confirm the formation of a ~13.5 nm thick oxide overlaying the As distributions. Fig. 4 shows that there are broadly two contributions to the As profile, i) a segregated but now broader As peak under the oxide between ~14 and 18 nm resulting from the spike anneal process and possibly the wet oxidation process driving As into the bulk of the sample and ii) a distribution of substitutional As largely beyond the depth of the segregated As. The two profiles and their difference were integrated between depths of 9 and 28 nm. The substitutional As dose determined by MEIS analysis is found to be 1.35x10 15 cm -2 As. Note that the SPM process results in a 70% higher dose than obtained with a nonoxydizing wet clean and also enables a dopant level twice as high, approximately 1x10 21 cm -2 , to be obtained, which is clearly a significant enhancement. It is finally mentioned that the identification of the substitutional dose with the active dose in these very near surface conditions can be shown to remain valid [10] .
IV. CONCLUSION
The high resolution depth profiling capability of MEIS has been exploited to determine quantitative depth profiles of As, Si and O as well as the retained As dose after the processes of PLAD, wet clean and spike anneal. The 7 kV bias PLAD process produced a near triangular As profile, decaying from a ~40% near surface As fraction over a distance of 17 nm. A non-oxidizing wet clean removed the top 7 nm of the mixed layer and with it 80% of the implanted As, leaving the tail end of the implant under a 1.6 nm oxide layer From MEIS spectra taken after spike annealing in the random and aligned angular directions, the substitutional As depth profile and a retained dose of 8x10 14 cm -2 was determined. This dose is shown to be very strongly bias voltage (or energy) dependent yielding a near 10 fold increase going from 4 to 10 kV for the same ion flux of 1x10 16 ions cm -2 .
The use of an industry standard SPM wet clean resulted in the formation of a 13.5 nm thick surface oxide overlaying the remaining As implant and yielded a near 2% doping concentration and a retained substitutional dose of 1.35x10 15 cm -2 which represents a notable increase of 70% on that measured after a non-oxydizing clean. Atomic fraction Fig. 4 . As concentration depth profiles taken in the random and aligned directions and their difference, the substitutional As depth profile. The model simulated depth profile for the aligned sample has been added.
